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Abstract 

Bone marrow mesenchymal stem cells (BMSCs) have been shown to promote stroke 

recovery, however, the underlying mechanisms are not well understood. In this study 

naïve rats were intravenously injected with syngeneic BMSCs to screen for potential 

differences in brain metabolite spectrum versus vehicle-treated controls by capillary 

electrophoresis-mass spectrometry. A total of 65 metabolites were significantly 

changed after BMSC treatment. Among them, 5-oxoproline, an intermediate in the 

biosynthesis of the endogenous glutathione (GSH), was increased. To confirm the 

obtained results and investigate the metabolic pathways, BMSCs were injected into rats 

24h after middle cerebral artery occlusion (MCAO). Rats receiving vehicle solution 

and sham-operated animals served as controls. High performance liquid 

chromatography, reverse transcription-quantitative polymerase chain reaction, and 

Western blotting revealed that intravenous BMSC application increased the levels of 5-

oxoproline and GSH in MCAO rats, as well as the expression of key enzymes involved 

in GSH synthesis including, gamma-glutamylcyclotransferase and gamma-

glutamylcysteine ligase. Subsequent clinical investigation confirmed that acute 

ischemic stroke patients had higher plasma 5-oxoproline and GSH levels than age- and 

sex-matched non-stroke controls. The optimal cutoff value for 5-oxoproline diagnosing 

acute ischemic stroke (≤7d) was 3.127 μg/mL (sensitivity, 63.4%; specificity, 81.2%) 

determined by receiver characteristic operator curve. The area under the curve was 

0.782 (95% confidence interval: 0.718-0.845). Our findings indicate that BMSCs play 

a protective role in ischemic stroke through upregulation of GSH and 5-oxoproline is a 
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potential biomarker for acute ischemic stroke. 
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Introduction 

Despite remarkable advances in diagnosis and treatment, stroke still represents a 

major cause of mortality and disability in adults worldwide, generating tremendous 

socioeconomic burden[1]. Reactive oxygen species (ROS) have been shown to 

contribute to brain injury after ischemic stroke[2]. ROS can damage cellular 

macromolecules leading to autophagy, apoptosis, and necrosis. There is evidence that 

a rapid increase in ROS production immediately after acute ischemic stroke swiftly 

overwhelms antioxidant defense, causing further tissue damage[3]. Moreover, the 

restoration of blood flow in case of successful recanalization increases the level of 

tissue oxygenation and accounts for a second ROS burst, which leads to reperfusion 

injury[3].  

Cellular antioxidant mechanisms can remove ROS or even prevent their 

generation. Antioxidants such as reduced glutathione (GSH), vitamin C and vitamin E 

contribute significantly to antioxidant mechanisms in most cells[3]. GSH is an 

intracellular thiol tripeptide that is involved in the scavenging of excessive ROS[4, 5], 

thus playing a crucial role in cellular protection against oxidant damage. GSH can 

protect against brain vascular endothelial dysfunction, including increased endothelial 

barrier permeability and endothelial cell death[6, 7]. In turn, GSH depletion elicits 

oxidative endothelial stress and apoptosis[7]. GSH deficiency is associated with a 

variety of central nervous system diseases such as Alzheimer’s[8] and Parkinson’s 

disease[9], and correlates with poor outcome after ischemic stroke[10]. Rodent studies 

reveal that depletion of cerebral GSH exacerbates cortical stroke and subsequent 
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edema[10], while clinical studies demonstrate that an increased risk for stroke is 

associated with low levels of GSH[11]. Hence, oxidative stress is a potential therapeutic 

target to counter neural cell death following ischemic stroke[12] that has not yet been 

sufficiently addressed.  

Stem cell-based approaches have received much attention as potential treatments 

for a wide variety of diseases, including stroke[13-15]. Preclinical cell therapy using 

bone marrow mesenchymal stem cells (BMSCs) show that the cells can improve 

functional recovery by a broad spectrum of mechanisms including remyelination 

support[16, 17], modulation of inflammation[18], and trophic support[16, 19] of injured 

tissue. BMSCs can also foster neurogenesis and angiogenesis[20]. BMSCs are further 

believed to provide neuroprotective effects in acute and subacute stroke stages after 

systemic infusion[14] as they are able to efficiently home to the lesion site[21]. 

However, underlying therapeutic mechanisms are not clearly understood and require 

detailed investigation for targeted translation into clinical trials and, eventually, 

treatments[15].  

In this study, we hypothesized that BMSCs can also provide anti-oxidative support 

to the ischemically challenged brain. In-depth metabolomics screening to investigate 

the underlying mechanisms of BMSC therapy revealed higher levels of 5-oxoproline, 

an intermediate in the biosynthesis of endogenous GSH[22], in the naïve rat brain after 

BMSC administration. We assumed that ischemic stroke impairs anti-oxidative 

metabolic pathways and that BMSCs are partially capable to counter these effects. To 

this end, we applied a bench-to-bedside approach in animal models of ischemic stroke 
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and patients, and derived a model for BMSC therapeutic effects. Besides, we verified 

whether 5-oxoproline being a metabolite related to anti-oxidative stress may serve as a 

potential biomarker of acute ischemic stroke.   
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Materials and Methods 

Study Design 

The experiment design and study flow are shown in Supplementary Fig. 1. A 

total of 152 adult male Sprague-Dawley (SD) rats (8-12 weeks (w), weighing 200-250 

g) were enrolled to the preclinical experiments (Supplementary Table 1 for an 

overview on animal assignment and treatment). Eighteen rats were used for capillary 

electrophoresis-mass spectrometry (CE-MS) analysis while 134 rats underwent sham-

operation (n=32) or ischemic stroke induction (n=102) by transient (2 hours (h)) middle 

cerebral artery occlusion (MCAO), respectively. Twenty-two MCAO rats were 

excluded due to model failure or complications, including death. Two additional young 

syngeneic SD rats (4w, weighing 80 and 100 g) were used for primary BMSC isolation 

and culture. For the exploratory clinical study, 117 ischemic stroke patients (S) and 117 

age- and sex- matched non-stroke controls (C) were consecutively enrolled after written 

informed consent.  

Our overall strategy was to: (1) determine differentially regulated metabolites after 

BMSC administration in the naïve rat brain. Primary rat BMSCs were isolated, cultured 

and identified. Capillary electrophoresis-mass spectrometry (CE-MS) analysis of the 

rats' brain tissues was performed after intravenous BMSC (n=9) or normal saline (NS, 

n=9) infusion. The metabolites of interest were chosen after metabolic pathway analysis. 

(2) assess the dynamic regulation of the selected metabolites and their metabolic 

pathways in standardized animal MCAO model with/without 1×106 BMSC therapy. 

Longitudinal high-performance liquid chromatography (HPLC) was conducted for 
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specific metabolite assessment in rat brain tissue and plasma. Real-time quantitative 

polymerase chain (RT-qPCR) and Western blotting were further performed to 

investigate the expression of key enzymes involved in the metabolic pathway. (3) 

confirm the metabolite changes in ischemic stroke patients versus sex- and age-matched 

non-stroke controls (n=117 each) by HPLC. The receiver operating characteristic (ROC) 

curve was plotted and the area under the curve (AUC) was calculated to estimate the 

ability of independent factors to distinguish the S group from the C group. The optimal 

cutoff value of the selected metabolite was used for indicating acute ischemic stroke. 

All animal experiments were performed in a completely randomized and blinded 

fashion. Group allocation concealment (to experimental surgeons, animal caretakers 

and other experimenters) was applied whenever possible. This was an exploratory study, 

so we could not rely on pilot data for sample size calculation. To ensure a conservative 

approach, a relatively high number of animals was included. All rats were assigned to 

BMSC or NS treatment after confirmation of infarct induction by behavioral testing 

using the beam-walking test that is sensitive to indicate stroke induction[23]. Please see 

Materials and Methods in the Supplementary Materials for more details. 

 

Data Processing and Statistical Analysis 

Data distribution was examined by Shapiro-Wilk test. Normally distributed 

continuous values were presented as mean±standard deviation (SD) and the intergroup 

differences were assessed using independent t-test or analysis of variance (ANOVA) 

followed by post-hoc test. Non-normally distributed data were presented as median 
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(interquartile range, IQR), and Mann-Whitney, Wilcoxon (for human data), or Kruskal-

Wallis test was used when comparing intergroup differences. Categorical variables 

were reported as counts and percentages, and analyzed using χ2 test. Multivariate 

metabolomics data analysis was conducted using SIMCA-P software (Version 11.5, 

Umetrics, Sweden). Principal component analysis and hierarchical clusters analysis 

were performed by R software (v4.0.2). Cutoff values were determined by Youden 

index (sensitivity+specificity–1.0)[24]. Univariable logistic regression analysis was 

performed to screen for association of selected metabolites and clinical parameters with 

ischemic stroke. Significant variables in the univariate analysis were further selected 

into the multivariable logistic regression analysis to acquire independent risk factors, 

odds ratios (ORs) and corresponding 95% confidence intervals (CIs) for ischemic 

stroke. All statistical analyses were performed using SPSS software package (v22.0, 

USA), and P<0.05 was considered to be statistically significant.  
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Results 

Intravenous BMSC Treatment Induces Metabolomic Changes in Naïve Rat 

Brains 

Primary rat BMSCs were isolated and cultured. BMSC phenotype was confirmed 

by cell surface markers. BMSCs from the fourth passage were negative for CD45 

(0.6%), CD31 (0.7%), and positive for CD90 (98.9%) and CD29 (100%; 

Supplementary Fig. 2), being consistent with the standard BMSC phenotype[25]. 

Metabolomics screening was carried out on naïve rat brains after intravenous 

BMSC versus NS administration. A total of 141 metabolites were detected by CE-MS 

analysis. The levels of 65 metabolites and multiple metabolic pathways were changed 

in BMSC-treated brains. Among them, 46 metabolites were significantly increased 

involving GSH metabolism, glycolysis, catecholamine biosynthesis, homocysteine 

degradation, thyroid hormone synthesis, ubiquinone biosynthesis, and vitamin B6 

metabolism (Fig. 1a, Supplementary Table 2, Supplementary Fig. 3) while 19 

metabolites were decreased related to several fatty acid metabolism pathways (Fig. 1b, 

Supplementary Table 3, Supplementary Fig. 4). Hierarchical cluster analysis 

revealed that the differentially expressed metabolites were clustered into several 

different categories (Fig. 1a-b). Principal component analysis showed clear separation 

between samples from NS (control) and BMSC group (Fig. 1c).  

 

5-Oxoproline and GSH Levels Are Dynamically Changed in Ischemic Stroke Rats 

Among the 65 differentially produced metabolites identified by metabolomics 
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analysis, 5-oxoproline was of particular interest since it is an intermediate in the 

biosynthesis of endogenous GSH[22]. Plasma and brain samples were collected from 

MCAO and sham-operated rats to confirm the metabolomics findings and to investigate 

whether BMSC transplantation promotes stroke recovery through antioxidative actions. 

HPLC analysis revealed dynamic 5-oxoproline plasma levels after MCAO. Higher 5-

oxoproline plasma levels were observed 30h (P=0.013) post MCAO and remained 

elevated until 2d, before falling below levels observed in sham-operated subjects at 8d 

(P=0.023). The inter-group difference diminished at 31d post MCAO (Fig. 2a). The 

levels of 5-oxoproline in the brains of MCAO rats were not changed after 30h of stroke 

but increased at 2d (P=0.005). However, this difference was not observed at 8d and 31d 

post MCAO as compared to sham-operated rats (Fig. 2b).  

GSH levels were not changed in the rat plasma 30h after MCAO, but were 

significantly increased 2d thereafter (P=0.015). There was no intergroup difference at 

8d and 31d post MCAO (Fig. 2c). GSH levels in the brains of MCAO rats were not 

changed at 30h post stroke, but increased at 2d (P=0.044), decreased at 8d (P=0.008) 

as compared to sham-operated rats, and returned to the sham-operation levels at 31d 

(Fig. 2d).  

 

BMSCs Increase 5-Oxoproline and GSH Levels After Stroke  

BMSCs or NS were intravenously infused into rats 24h post MCAO. The levels of 

5-oxoproline and GSH were evaluated to investigate whether BMSCs could induce 

anti-oxidative effects after MCAO. Representative 5-oxoproline and GSH 
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chromatograms are shown in Supplementary Fig. 5. BMSCs tended to further increase 

the 5-oxoproline plasma levels 6h and 1d after infusion. Notably, while the 5-

oxoproline plasma levels decreased at 8d post MCAO, BMSCs significantly increased 

5-oxoproline levels in the meanwhile (P=0.007; Fig. 2a). Moreover, 5-oxoproline 

levels in the brain were higher (P=0.000; Fig. 2b) 7d after BMSC treatment as 

compared to NS treatment.  

GSH plasma levels were rapidly increased 6h post BMSC infusion (P=0.025). The 

effect was sustained to 7d (P=0.041; Fig. 2c), but was not observed 30d after BMSC 

treatment. In the MCAO brains, BMSCs increased GSH levels 1d (P=0.005) and 7d 

(P=0.000) after treatment, but the effect diminished at 30d compared to NS-treated rats 

(Fig. 2d). These results indicate that BMSCs increase the production of GSH, one of 

the most important and potent antioxidants, after MCAO.  

 

BMSCs Increase the Expression of Key Enzymes for GSH Synthesis 

To further investigate the mechanisms of 5-oxoproline and GSH upregulation after 

BMSC therapy, we examined gene and protein expression of key enzymes in GSH 

synthesis in rat brains: gamma-glutamylcyclotransferase (GGCT) and gamma-

glutamylcysteine ligase (GCL) which has a glutamate-cysteine ligase catalytic subunit 

(GCLC) and a glutamate-cysteine ligase modifier subunit (GCLM). The expression of 

these enzymes displayed dynamic changes after MCAO. MCAO suppressed the protein 

expression of GCLC 30h post MCAO, but did not change GGCT and GCLM 

expression. Elevated protein levels of GGCT, GCLC and GCLM were observed 2d 



 

13 
 

after stroke, but this difference was not observed at 8d and 31d post MCAO as 

compared to sham-operated rats (Fig. 3).  

Both GGCT mRNA and protein levels were significantly increased in MCAO rat 

brains 1d (mRNA: P=0.025) and 7d (mRNA: P=0.000, protein: P=0.000) post BMSC 

treatment as compared to NS-treated rats. The rapidly reduced expression of GCLC 

after acute stroke was partially restored by intravenous BMSC infusion at 6h (mRNA: 

P=0.001, protein: P=0.003), and the GCLC levels were higher in BMSC-treated group 

1d (mRNA: P=0.008) and 7d (mRNA: P=0.008, protein: P=0.011) after BMSC infusion. 

Moreover, GCLM protein and mRNA expressions were significantly increased in 

BMSC-treated MCAO rats 6h (mRNA: P=0.000, protein: P=0.007) and 7d (mRNA: 

P=0.003, protein: P=0.000) after BMSC infusion as compared to NS-treated rats. 

However, there was no difference in GGCT, GCLC and GCLM expression between 

BMSC- and NS-treated MCAO rats 30d after BMSC infusion (Fig. 3). These combined 

results indicate that MCAO slightly increases the expression of enzymes participating 

in GSH synthesis, presumably in a reactive fashion, whereas BMSC administration 

generally brings expression of these enzymes to high levels in the acute stages after 

MCAO. 

 

BMSCs Improve Functional Recovery of MCAO Rats 

Beam-walking test was performed to assess forelimb and hindlimb sensorimotor 

function. No intergroup difference was observed prior to MCAO. Thereafter, there was 

clear behavioral impairment in both forelimbs and hindlimbs (contralateral to the lesion 
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site) function in MCAO rats that showed overall higher slip ratios than sham-operated 

rats on 1d, 7d, 14d, and 30d post surgery. However, significantly reduced slip ratios of 

forelimbs and hindlimbs were observed in BMSC-treated versus NS-treated MCAO 

subjects on postoperative 14d (forelimb: P=0.020) and 30d (forelimb: P=0.017, 

hindlimb: P=0.031; Supplementary Fig. 6). 

 

GSH and 5-Oxoproline Levels Are Higher in Acute Ischemic Stroke Patients 

A total of 117 ischemic stroke patients and 117 age- and sex-matched controls 

were enrolled. Clinical and demographic data from stroke patients and controls are 

provided in Supplementary Table 4. The median National Institute of Health stroke 

scale (NIHSS) score in the stroke group was six. Body mass index (BMI), smoking 

habit, alcohol consumption, total cholesterol, triglyceride, low-density lipoprotein 

cholesterol (LDL-C), creatinine and uric acid were comparable between the two groups. 

Prevalence of diabetes mellitus (P=0.001) and hypertension (P=0.000) was higher in 

stroke patients. In addition, serum glucose (P=0.000) and hyperhomocysteine (P=0.000) 

levels were higher while high density lipoprotein levels (P=0.000) were lower in stroke 

patients. 

Plasma samples of ischemic stroke patients as well as age- and sex-matched 

controls were collected and analyzed to investigate whether the results seen in MCAO 

rats can be reproduced in stroke patients. Indeed, the levels of 5-oxoproline in ischemic 

stroke patients (within 31d, median stroke onset 2.62(1.40-4.83)d) were higher than in 

controls (P=0.000; Fig. 4a). 5-oxoproline was increased within the first 7d after stroke 
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as compared to controls (P=0.000 within the first 3d, P=0.014 for the 3-7d; Fig. 4b). 

GSH levels in ischemic stroke patients were also higher than in controls (P=0.014; Fig. 

4c). GSH levels were significantly higher in stroke patients at 1d after stroke onset 

(P=0.021), but not thereafter (Fig. 4d).  

 

5-Oxoproline Is a Potential Biomarker for Ischemic Stroke 

Logistic regression analysis was performed to identify independent risk factors of 

ischemic stroke from 5-oxoproline and clinical parameters (Supplementary Table 5). 5-

oxoproline, together with hypertension, diabetes mellitus, fasting glucose, HDL-C and 

homocysteine were associated with ischemic stroke in univariate analysis (all P<0.01), 

while sex, age, body mass index (BMI), drinking, smoking, cholesterol, triglyceride, 

LDL-C, creatinine and uric acid did not show an association with stroke in this study. 

After multivariable logistic regression analysis, four factors were revealed to be 

independent risk factors of ischemic stroke: hypertension (OR=3.333, 95% CI=1.622-

6.849, P=0.000), 5-oxoproline (OR=2.547, 95% CI=1.641–3.955, P=0.000), 

homocysteine (OR=1.135, 95% CI=1.035-1.245, P=0.000), and HDL-C (OR=0.043, 

95% CI=0.012-0.154, P=0.000).  

Since 5-oxoproline was shown to be an independent risk factor for ischemic stroke, 

and the plasma level of 5-oxoproline was significantly higher in the acute stroke stages 

(≤7d), we tested whether 5-oxoproline had the potential to serve as a biomarker of acute 

ischemic stroke. Based on ROC curve analysis, 5-oxoproline demonstrated some 

restricted indicative value for acute ischemic stroke (≤7d, median stroke onset 
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1.79(1.21-3.65)d) with an AUC of 0.782 (95% CI: 0.718-0.845, P=0.000, n=101). The 

optimal cutoff level for 5-oxoproline indicating acute ischemic stroke was 3.127 μg/mL, 

with a sensitivity of 63.4% and a specificity of 81.2% (Fig. 5a). Notably, 5-oxoproline 

demonstrated a much better indicative value for acute ischemic stroke within 1d after 

onset with an AUC of 0.845 (95% CI: 0.723-0.967, P=0.000, n=22). The optimal cutoff 

level was 3.185 μg/mL, with a sensitivity of 72.7% and a specificity of 90.9% (Fig. 5b). 

Furthermore, there was still a decent indicative value of 5-oxoproline for ischemic 

stroke 1-3d and 3-7d after stroke onset given an AUC of 0.806 (1-3d: 95% CI: 0.722-

0.890, P=0.000, n=52) and 0.680 (3-7d: 95% CI: 0.535-0.825, P=0.024, n=27). The 

optimal cutoff level was 3.127 μg/mL with a sensitivity of 67.3% and a specificity of 

82.7% for 1-3d (Fig. 5c), and 2.831 μg/mL with a sensitivity of 75.9% and a specificity 

of 60.0% for 3-7d (Fig. 5d). 5-oxoproline did not indicate ischemic stroke between 7 

and 31d (median 8.82(7.79-19.29)d) after stroke onset, with an AUC of 0.486 (95% CI: 

0.280-0.692, P=0.895, n=16). 

 

Discussion  

The present study provides the first data set indicating that BMSCs can induce 

anti-oxidative metabolic pathways after stroke. The upregulation of 5-oxoproline and 

GSH might be one of the molecular mechanisms of BMSC therapy for ischemic stroke. 

Moreover, our clinical investigation shows that 5-oxoproline may have the potential to 

serve as a biomarker for acute ischemic stroke, particularly within the first seven days 

after stroke onset with optimal results being obtained within the first day. 
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Accumulating evidence suggests that stem cells might play a protective role in 

ischemia via mechanisms countering oxidative stress. For instance, systemic 

administration of human umbilical cord blood cells 48h after MCAO increased 

peroxiredoxin 4 protein expression in rat brains[26]. Bone-marrow derived endothelial 

progenitor cells elevated the levels of superoxide dismutase, GSH peroxidases, and 

GSH in MCAO rats[27]. Similarly, superoxide and by-products of lipid peroxidation 

were decreased to control levels in BMSC-treated stroke-prone spontaneously 

hypertensive rats [28]. Therefore, the upregulation of 5-oxoproline, an intermediate in 

the biosynthesis of endogenous GSH, was of particular interest for the metabolomics 

screening after BMSC therapy. We observed an early elevation of 5-oxoproline in the 

rat plasma 30h after MCAO. On the second day after MCAO, the brain 5-oxoproline 

and GSH levels in plasma and brain were elevated. However, 8d after stroke, the plasma 

5-oxoproline levels and the brain GSH levels decreased, potentially indicating an 

exhaustion of antioxidants. Presence of BMSCs increased the production of 5-

oxoproline and GSH in animals, and successfully counteracted this reduction at 8d post 

stroke. This indicates a potential role of BMSCs in the defense against ROS and 

oxidative stress which may be mediated through GSH synthesis. 

To further investigate the potential mechanism by which BMSCs regulate 5-

oxoproline and GSH production, we examined the expression of two key synthetases 

for GSH, namely GCL and GGCT. GGCT catalyzes γ-glutamyl-amino acid into 5-

oxoproline, which then converts into glutamate. GCLM and GCLC form GCL that 

catalyzes the conversion of glutamate and cysteine into γ-glutamylcysteine, a GSH 
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precursor[29]. Elevated rat brain GCLC, GCLM and GGCT levels after MCAO are 

consistent with the notion of an early adaptive response to oxidative stress[30]. 

Furthermore, BMSC infusion significantly increased GGCT, GCLC, and GCLM 

mRNA as well as protein expression after MCAO. This went along with improved 

forelimb and hindlimb sensorimotor function in subacute and chronic stages after 

MCAO, which may be the cumulative effect of anti-oxidative and other[31] beneficial 

effects exerted by BMSCs. However, the exact mechanism mediating the BMSC impact 

on the GSH synthesis needs to be elucidated and confirmed by future research. For 

instance, it should be investigated whether the increased expression of GGCT and GCL 

is directly related to BMSC administration or is an epiphenomenon. The contribution 

of BMSC-mediated antioxidative properties to the overall therapeutic effect also needs 

to be quantified.  

In addition to stroke animal studies, we also conducted clinical investigations. 

GSH and 5-oxoproline levels were increased in stroke patients especially in acute stages, 

although the timeframe for 5-oxoproline and GSH upregulation were different in rats 

and humans. This might result from the more complex pathogenesis and pathological 

processes of human stroke which cannot be fully reflected by animal models[32], but 

this does not preclude similar responses to oxidative stress even in temporal profiles 

differ. Moreover, human stroke patients were much more heterogenous regarding stroke 

size and location as compared to the well standardized filament MCAO model used in 

our preclinical studies. In humans, Ozkul et al. noted elevated serum GSH in 70 subjects 

within 48h after stroke as compared to matched controls, and hypothesized this as an 

http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E7%B4%AF%E8%AE%A1%E6%95%88%E5%BA%94
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E7%B4%AF%E8%AE%A1%E6%95%88%E5%BA%94
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adaptive response to oxidative stress[33]. Likewise, Zimmerman et al. reported an 

increased serum GSH within the first 6h after stroke onset, and an elevated glutathione 

peroxidase 1d after stroke[11]. Our findings regarding the temporal profile are 

consistent with these reports[11, 33].  

We find that 5-oxoproline may serve as a biomarker for acute ischemic stroke, 

especially within 1d after stroke onset. Sensitivity during this time was 72.7%, while 

specificity was up to 90.9%. This specificity is good (confirmative test), but sensitivity 

is not optimal for a screening test and was even poorer during later stages. However, 

when combined with a highly sensitive (screening) marker of hypoxic-ischemic 

metabolic stress in the brain such as purine release[34, 35], the predictive value to detect 

patients with ischemic stroke might be appropriate. This would be feasible for 

supporting a stroke diagnosis when clinical imaging is not available, or for “triaging” 

patients for send directly to recanalization-capable centers in case discriminative power 

is still sufficient against hemorrhagic stroke or any stroke mimic. This hypothesis 

requires thorough downstream clinical testing which was beyond the scope of this 

investigation.  

In conclusion, our study demonstrated that BMSCs increase GSH synthesis in 

stroke and thereby may contribute to an important defense mechanism against oxidative 

stress (Fig. 6). Moreover, 5-oxoproline may represent a new biomarker for diagnosis of 

acute ischemic stroke.  
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Graphical Abstract Caption 

        Ischemic stroke causes oxidative stress and induction of endogenous, glutathione-

dependent anti-oxidative mechanisms. 5-oxoproline, an important metabolite in 

glutathione biosynthesis, could serve as a biomarker of acute ischemic stroke. Moreover, 

intravenous bone marrow mesenchymal stem cell (BMSC) treatment after experimental 

stroke upregulates the expression of key enzymes involved in glutathione synthesis, 

which results in better antioxidative defense and improved stroke outcome. 

 

Figure Legends 

Fig. 1 Intravenous BMSC infusion induces metabolomic changes in naïve rat 

brains. (a) Heatmap showing hierarchical clustering of up-regulated metabolites in rat 

brains after intravenous BMSC infusion. BMSC increased the levels of 46 metabolites 

(n=9). (b) Heatmap showing hierarchical clustering of down-regulated metabolites in 

rat brains after intravenous BMSC infusion. BMSC decreased the levels of 19 

metabolites (n=9). The relative content of the metabolites in each sample was evaluated 

by metabolomics analysis (CE-MS) and represented by the defined color shade. (c) 

Score plots of principal component analysis from the discovery set.   

 

Fig. 2 BMSCs increase 5-oxoproline and GSH levels in rat plasma and brain. 

Diagrams show quantitative levels of 5-oxoproline in rat plasma (a), and brain (b) as 

well as of GSH in rat plasma (c), and brain (d) in sham-operated (SHAM), 

MCAO+BMSC and MCAO+NS rats at different time points (n=6/group). Values are 
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presented as mean±SD. *P<0.05, **P<0.01. 

 

Fig. 3 BMSCs upregulate the expression of the enzymes involved in GSH synthesis. 

The protein and mRNA levels of GGCT (a), GCLC (b), and GCLM (c) in rat brain 

tissues. The protein was detected by western blotting, and immunostaining of β-actin 

was included as a loading control (n=3/group, each sample was repeated three times). 

Quantitative analysis of mRNA was evaluated by RT-qPCR and performed using the 2 

-ΔΔCt method. GAPDH was included as an internal standard. Values are presented as 

mean±SD. *P<0.05, **P<0.01. M+NS: MCAO+NS; M+B: MCAO+BMSCs. 

 

Fig. 4 GSH and 5-oxoproline levels are increased in ischemic stroke patients. (a) 

Ischemic stroke increased plasma 5-oxoproline levels in patients (within 31d, median 

stroke onset 2.62(1.40-4.83)d, n=117/group). (b) 5-oxoproline was increased within the 

first 7d after stroke onset (1d: n=22; 1-3d: n=52; 3-7d: n=27; 7d: n=16). (c) Ischemic 

stroke increased plasma GSH levels in patients. (d) GSH was increased within 1d after 

stroke onset. Values are represented as median with IQR. *P<0.05, **P<0.01. 

 

Fig. 5 The ROC curves of plasma 5-oxoproline in indicating ischemic stroke. (a) 

Plasma 5-oxoproline levels in ischemic stroke patients (within 7d, median stroke onset 

1.79(1.21-3.65)d, n=101/group). (b) Stroke onset <1d (n=22/group). (c) Stroke onset 

1-3d (n=52/group). (d) Stroke onset 3-7d (n=27/group). 
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Fig. 6 The proposed model of BMSCs in regulation of GSH synthesis. The potential 

role of BMSCs in the defense against ROS and oxidative stress may be mediated 

through GSH synthesis. BMSC transplantation is associated with an upregulation of 

both GGCT and GCL (including GCLC and GCLM) mRNA and protein expression 

after ischemic stroke, which in turn increases the production of 5-oxoproline and GSH, 

probably contributing to the scavenging of ROS. 

 

 

 


